We study extensions of the minimal supersymmetric standard model (MSSM) with new degrees of freedom that couple sizably to the MSSM Higgs sector and lie in the TeV range. After integrating out the physics at the TeV scale, the resulting Higgs spectrum can significantly differ from typical supersymmetric scenarios, thereby providing a window beyond the MSSM (BMSSM). Taking into account current LEP and Tevatron constraints, we perform an in-depth analysis of the Higgs collider phenomenology and explore distinctive characteristics of our scenario with respect to both the standard model and the MSSM. We propose benchmark scenarios to illustrate specific features of BMSSM Higgs searches at the Tevatron and the LHC.
I. INTRODUCTION
There has been a recent surge of interest in extensions of the minimal supersymmetric standard model (MSSM) by higher-dimension operators [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . These can have an important impact on the Higgs sector, alleviating in particular the tension present in the MSSM that results from the LEP Higgs bounds. Such effective field theory (EFT) studies allow a model-independent description of a large class of extensions of the MSSM, and permit one to quantify the sense in which the Higgs sector can serve as a window beyond the MSSM (BMSSM).
This point of view was clearly put forward in Ref. [3] , where it was emphasized that at leading order in 1/Mwhere M is the scale of the physics that is integrated outthe MSSM is extended by only two parameters. The surprisingly large effects of such higher-dimension operators can be understood from the fact that the MSSM Higgs potential is rather restricted at tree-level. The nonrenormalizable operators in the superpotential induce renormalizable (quartic) operators in the Higgs potential that are not present in the MSSM limit (at tree-level), so that in spite of the fact that their coefficients are "small" -of order µ/M -they correspond to qualitatively new effects. In fact, the operators thus induced can easily "destabilize" the MSSM-like minimum and lead to new minima that exist only as a direct result of the higher-dimension operators (i.e. the heavy physics). It was emphasized in [7] that such minima can be phenomenologically viable, can be studied within the EFT framework, and can explain the distinct properties induced by the heavy physics on the Higgs sector.
If the BMSSM physics is sufficiently heavy, the leading order analysis at order 1/M can suffice. However, it is perfectly possible that M is not too far from the electroweak (EW) scale, and that nevertheless the heavy physics may not be easy to see directly at the LHC, even if it is within its kinematic reach (e.g. heavy singlets that couple only through the Higgs sector). In such cases, the EFT approach is still useful to describe the properties of the MSSM Higgs sector. It turns out that the effects of order 1/M 2 are more important than naively expected. This observation also finds a simple explanation in the structure of the MSSM tree-level Higgs potential [8] together with the smallness of the MSSM tree-level quartic couplings (the root cause for a Higgs state lighter than the Z mass in the MSSM at tree-level). The crucial point is that the leading order contributions to a subset of the quartic Higgs operators, from the heavy physics, first enter at order 1/M 2 . Thus, these end up correcting a coefficient of order g 2 instead of a 1/M effect, and can give a relevant correction even if the expansion parameter is relatively small. Nevertheless, it is important to appreciate that the fact that the first two orders in the expansion in 1/M can even result in comparable contributions to the Higgs masses, in no way implies a breakdown of the EFT.
In Ref. [8] a detailed study of the consequences for the Higgs masses and couplings up to order 1/M 2 was given, and a selected number of phenomenological observations were already made, such as: enhanced gluon fusion production cross sections in a large number of cases, and the presence of "exotic" decay modes with more than one Higgs boson in the decay chain. In this work we analyze the constraints from LEP and the Tevatron on the neutral Higgs bosons, as well as the charged Higgs bounds from LEP [? ] . We also expand on the associated collider phenomenology, emphasizing the type of signals that can be expected at both the Tevatron and the LHC. We point out that due to the large corrections to the Higgs masses (especially to the CP-even Higgs bosons) the production and decay patterns can be markedly different from those in the MSSM. Examples include mod-
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els where both CP even Higgs bosons have significant branching fractions into gauge bosons, thus giving rise to spectacular signals such as two clearly defined peaks in the di-lepton invariant mass distribution. In addition, we observe new decay chains that allow for production of the "nonstandard" Higgs bosons without large tan β enhancements. It is possible that the full two-Higgsdoublet-model (2HDM) content can be mapped in detail, thus providing a clear and definite signal for physics beyond the standard model, and a rather detailed understanding of the mechanism of electroweak symmetry breaking (EWSB). If, in addition, relatively light superparticle signals are observed, as might be expected in these scenarios, a clear case for BMSSM physics could be established. Apart from the collider phenomenology induced indirectly by the heavy physics, higher-dimension operators have also been studied in the context of dark matter [12] [13] [14] , cosmology [15] and EW baryogenesis [16] [17] [18] [19] [20] , and it may be interesting to further explore the connections with collider physics.
This paper is organized as follows. In Sec. II, we summarize the most relevant aspects of the models under study. In Sec. III we discuss the modifications of the Higgs spectrum, which are the dominant factor in determining the Higgs collider phenomenology. In Sec. IV we discuss in detail the range of signatures uncovered by our survey, separating the analysis into the low and large tan β regimes. We conclude in Sec. V.
II. EXTENDED SUSY HIGGS SECTORS AT A GLANCE
As already mentioned, when considering BMSSM scenarios where the non-MSSM degrees of freedom have masses parametrically larger than the weak scale, an EFT approach is very useful. The fact that at leading order only two parameters are added to those in the MSSM makes this a rather economic extension [3] , that nevertheless can significantly change the MSSM Higgs phenomenology. However, the same reason that makes these 1/M suppressed effects rather important also implies that the next order in the 1/M expansion can be phenomenologically relevant, without implying a breakdown of the EFT [8] . At order 1/M 2 there are several SUSY-preserving and SUSY-violating operators in the Kähler potential, the most important of which, in relation to the Higgs phenomenology, were listed in Ref. [8] . We refer the reader to this reference for the detailed form of such operators and how they affect the expressions for the Higgs masses and couplings. Here we restrict ourselves to a few general remarks that summarize the most relevant features for the present study (full details were given in the above reference).
First, it has to be pointed out that the higherdimension operators to order 1/M 2 can be easily generated from UV completions that include a combination of Higgs singlets, SU (2) Higgs triplets, heavy W primes and Z primes. As argued in [8] the upshot is that the coefficients of the higher-dimension operators, from a lowenergy point of view, can be chosen in an uncorrelated manner. Although the EFT description to order 1/M 2 introduces a large number of parameters, which makes the framework more involved compared to the truncation at order 1/M , one should notice that this same feature gives additional handles to infer properties of the heavy sector from the properties of the low-energy degrees of freedom. In any case, since our goal is to survey the collider signal possibilities in a model-independent way (in a supersymmetric framework), we focus on a low-energy study based on the EFT at order 1/M 2 , as described in [8] . [? ] A random scan over parameter space was performed, and a set of points satisfying several constraints was selected. The set of points in this study satisfy:
• All the dimensionless coefficients parametrizing the higher-dimension operators are taken to be at most of order one, i.e. it is assumed that the heavy physics at M is weakly coupled.
• Global minimum: since the scalar potential can present several minima, we make sure that the vacuum under study is the global one (at least within the EFT). We also check that there are no charge/color breaking minima, and for simplicity we restrict to the CP conserving case (checking that the global minimum does not break CP spontaneously).
• Robustness: there are no accidental cancellations that can render (not computed) higher orders in the 1/M expansion more important than expected.
• "Light" SUSY spectrum: given that generically, and unlike in the MSSM, these models satisfy the LEP bounds on the Higgs mass at tree-level, there is no need for large radiative corrections. Naturalness suggests that in these models the SUSY spectrum would be expected to be light (in the few hundred GeV range, consistent with direct bounds).
• Agreement with EW precision constraints, in particular in regards to the Peskin-Takeuchi T parameter [21] . These arise from three sources: a subset of the higher-dimension operators (as generated, for instance, by Higgs triplets), the details of the MSSM Higgs spectrum, and potential custodially-violating mass splittings in the sparticle spectrum. We emphasize that mild cancellations allow for higher-dimension operator effects that can have a non-negligible impact on the Higgs collider phenomenology.
All of the above constraints were described in detail in [8] . In addition, we impose the current collider bounds from LEP and the Tevatron using the code HiggsBounds v1.2.0 [22, 23] .
[? ] To this we add the LEP bounds on charged Higgs production [24] , and the newest combined result from the Tevatron in the WW channel [25] , and in the inclusive tau search [26] , that are not included in the currently available version of this code. We use HiggsBounds in the "effective coupling" mode, which requires effective couplings defined by
where φ = h, H, A is any of the neutral Higgs states, Γ(φ → X) is the partial width in our model into any of the final states X = ss, cc, bb, ττ , W W, ZZ, γγ or gg (when applicable), and Γ SM (φ → X) is the partial width for a SM Higgs of the corresponding mass. Together with the total widths in our model (and in the SM), these effective couplings encode the information about branching fractions into these decay channels in our model. We have implemented our tree-level expressions for the spectrum and Higgs couplings in HDECAY v3.4 [27] . This allows us to compute the Higgs partial decay widths, taking into account the QCD radiative corrections, that are known to be sizable (for a review, see [28] ). In addition, we include the radiative corrections derived from the 1-loop RG improved effective potential due to supersymmetric particles [29] , and the SUSY QCD/EW corrections to the Yukawa couplings [30, 31] . Loop contributions from the heavy physics that has been integrated out are suppressed by both a loop factor and by powers of M , hence they are expected to be negligible.
In all the plots that follow, we have fixed the following dimensionful parameters: M = 1 TeV, µ = m S = 200 GeV, [? ] and for simplicity, we use a common value M SU SY = 300 GeV and A t = A b = 0 in the MSSM sparticle sector.
[? ] The light superparticle spectrum implies that the loop contributions to the Higgs masses are modest, while the loop contributions to the Higgs couplings are more important and sensitive to the details of this spectrum [30] [31] [32] . The above choice of M SU SY = 300 GeV is simply meant to illustrate the possible loop effects arising from relatively light superparticles. In particular, one can expect the first two generation squarks to be somewhat heavier to satisfy direct collider bounds [33, 34] or the sleptons could be somewhat lighter, without changing our generic conclusions regarding the Higgs collider phenomenology. Note also that the neutralino/chargino sector depends on parameters not affecting the Higgs sector directly, and in particular that we do not impose constraints from dark matter (in this work, we remain agnostic as to the identity of the DM candidate, but see [35] ). We have also not imposed indirect constraints, such as those arising from b → sγ, B s → µ + µ − and g µ −2, that have the potential to put important restrictions, but depend on the flavor structure of the soft SUSY-breaking parameters.
We consider two representative values of tan β: tan β = 2 and tan β = 20. The CP-odd mass was varied in the range 20 − 400 GeV. The upper bound is taken to ensure a proper separation between the light and heavy scales, as required by the EFT analysis. The very low mass range is expected to be severely constrained, but we defer the study of such region to future work. We turn next to a detailed description of the most important physical characteristics of the set of models in the scan, starting with the Higgs spectrum.
III. MASSES OF LOW-ENERGY HIGGS BOSONS
In this section we study the spectra of these models, analyzing the modifications with respect to the MSSM. Compared to the results already presented in [8] , we include the 1-loop supersymmetric corrections to the Higgs quartic couplings as given in [29] (a minor effect for the relatively low SUSY spectrum we have in mind), as well as the constraints coming from collider data (LEP and Tevatron).
In Fig. 1 we show the mass of the lightest CP-even Higgs (h) as a function of m A , for both tan β = 2 (left panel) and tan β = 20 (right panel). The green points represent models ruled out by LEP, while the magenta ones are excluded by current data from CDF and D0. We divide the remaining allowed models into two subsets. First, one has those models that will be probed at the Tevatron at 95 % C.L (red points), assuming 10 fb −1 per experiment and 50% efficiency improvements [36] (see [37] for detailed projections in the MSSM context). These comprise the future reach of two search channels: h/H → bb with the Higgs being produced in association with electroweak gauge bosons, and gg → h/H → W + W − . Second, the blue points are those that will be out of the Tevatron reach under the previous assumptions. For reference, we also show the MSSM (dashed) curve, assuming the same light SUSY spectrum. This color code will be employed in all the plots.
The corrections to m h due to the new physics are most important in the low tan β regime. Nevertheless, it is clear that they can also be relevant at large tan β. The higher-dimension operators affect m h in such a way that it can easily be above the MSSM value. In the left plot, where tan β = 2, all the points lie above the MSSM curve; m h can reach values as high as 250 GeV.
Moreover, the left panel of Fig. 1 shows in a clear way how the Tevatron probes these models. For high enough values of m A one distinguishes mostly uniformly single colored horizontal stripes. The magenta one, where m h ∼ 160 − 170 GeV, corresponds to h being excluded by the current Tevatron search in the W W channel [25] . Note that this range is slightly larger than the SM one (162 − 166 GeV). This is due to the fact that, in our models, the gluon fusion cross section can be mildly enhanced with respect to the SM one. By the same token, one understands the presence of a few red points within the magenta stripe as those corresponding to models whose gluon fusion cross section is below the SM value. The two red stripes (m h in the ranges 140 − 160 GeV and The two blue stripes correspond to points where there is no reach from the Tevatron in the W W channel. This can be explained either by a low signal due to the reduced branching fraction into gauge bosons, or simply because the gg parton luminosity is not enough to produce such a heavy Higgs boson. Note however that in the high m h blue region the ZZ → 4l channel becomes kinematically accessible, so that this Higgs could be observed in the gold plated four-lepton mode at the LHC. We will postpone further comments on this region to the next section.
Regarding the LEP constraints, one sees that there are a few currently allowed (blue and red) points below the SM LEP bound of 114.4 GeV [38, 39] . The nonexclusion is due to the fact that the coupling of h to the gauge bosons is reduced with respect to the SM value. However, all the red points below the LEP-bound can potentially be excluded in the H → W W channel.
For the remaining points (m A < 160 GeV, 114.4 GeV m h 170 GeV), the situation is more complex, and magenta, blue and red points coexist in this region. In particular, there is a region of allowed (blue) points with m h ∼ 130 GeV − 140 GeV and relatively low m A . These points have suppressed branching fractions into both W W and bb, with AA being the dominant decay channel.
In the case of tan β = 20, the deviations from the MSSM are far less dramatic. Ultimately, this is explained by the fact that several higher-dimension operators are tan β suppressed. However, m h can reach values as high as 160 GeV. In this case, since h is SMlike, the LEP bound is very strict, forcing m h to be above ∼ 110 GeV. Regarding the Tevatron searches, we see that there are two small and disjoint currently excluded (magenta) regions. The region with m h around 160 GeV corresponds, as in the low tan β case, to exclusion based on the h → W W decay mode. The second magenta region has lower values of m h (114 − 130 GeV) and m A (100 − 135 GeV). This latter set of models are currently excluded by the inclusive tau search with 2.2 fb −1 , using the combination from CDF and D0 [26] . This channel becomes important here, since the H/A -and in some cases the h-coupling to down-type fermions is tan β enhanced.
[? ] Turning to the red points (i.e. those within future Tevatron sensitivity), a closer inspection reveals that all of them can be excluded due to the decay modes of the lightest Higgs. In more detail, the h → bb channel probes points with m h below 126 GeV, while the rest are probed by the h → W W search. This can be understood from the fact that, as in the MSSM, in the large tan β limit H tends to be non SM-like. In contrast to the low tan β case, all the Tevatron allowed (blue) points correspond to somewhat heavy values of m A (above 140 GeV).
It is also interesting to study the relation between the CP-even Higgs masses. In in the large tan β regime, m H tends to be heavy, and the decays of H are less restrictive than the ones from h, hence there are no horizontal stripes in this plot. As mentioned before, the h search channels give rise to all the red points.
Finally, we show in Fig. 3 the masses of the heavy CPeven and charged Higgs bosons as a function of m A . The deviations from the MSSM value are much less dramatic than for h. This is particularly true in the large m A limit and for large tan β. Nonetheless, in this region the contribution from the new physics effects to the masses is of O(10 GeV), which cannot be neglected. For low values of tan β (left plots) we see that in the region of blue points with low values of m A , both m H ± and m H are above the MSSM value. Notice that this effect is more important for m H than for m H ± . As a direct consequence, in the low tan β regime, new exotic channels like H → AA and H ± → AW ± can be open, with large BRs, as we will see in the next section. This does not happen for tan β = 20 since, as stated before, there are no allowed (blue and red) points with m A below 140 GeV and the mass splittings do not allow the previous decay modes.
Having analyzed the modifications in the spectra due to the higher-dimension operators, we will devote the next section to study the collider phenomenology of these models.
IV. BMSSM COLLIDER PHENOMENOLOGY
In this section we study the phenomenology of the BMSSM Higgs sector, including all of the effects and constraints described in Section II. We consider the low and large tan β cases separately.
A. Low tan β searches: general features
We start with the low tan β regime, fixing tan β = 2. As we have described in the previous section, the main modification introduced by the higher-dimension operators is to shift the Higgs spectrum with respect to the MSSM one. However, the couplings of the Higgs bosons also get corrected. The combination of these two effects can give rise to sizable modifications in both the Higgs production cross sections and the branching fractions.
We compute the production cross sections in the following way. For the Higgs-strahlung and vector boson fusion processes, we simply scale the corresponding SM cross section by the (square of) the Higgs-W -W coupling in our scenario, normalized to the SM coupling, i.e. by the effective coupling as defined in Eq. (1) (for all practical purposes this ratio coincides with the normalized 
FIG. 3. H (upper row) and H
± (lower row) masses as a function of mA, for tan β = 2 (left panels) and tan β = 20 (right panels). We show the points excluded by LEP (green), excluded by current Tevatron data (magenta) and the region that will be proved by the Tevatron in the near future (red). The blue points are allowed by all the current experimental constraints. The dashed line is the MSSM result for the given SUSY spectrum.
Higgs-Z-Z coupling [? ]
). For the gluon fusion cross section, we shall argue that the NLO K-factor in our scenario is expected to agree with the NLO K-factor in the SM within 20%. This implies that to this accuracy
since the ratio of cross sections equals the ratio of widths at leading order in α s [32, 40, 41] . The right-hand side of Eq. (2) is computed using our modified version of HDECAY [27] , which includes the tree-level expressions for masses and couplings in the presence of the higherdimension operators.
The K-factor in our scenario differs from the SM one in two respects. First, the contribution to the gluon fusion cross section from bottom loops cannot be neglected, specially in the large tan β regime. Second, one has to consider the presence of a relatively light SUSY spectrum. We discuss separately these two effects. To assess the impact of the bottom loop we use the code HIGLU [42] , that includes both the LO and NLO results for both the SM and the MSSM [41] (but, at present, does not include SUSY particles in the loop), to compute the K-factors in these two models. We find that at low tan β and for a wide range of Higgs masses, the NLO K-factors for h, H and A coincide within 5% with the SM NLO K-factor for a Higgs of the corresponding mass. At larger tan β (∼ 30) the differences are larger, as expected, but still smaller than about 20%. We expect that the same will hold in our extended SUSY scenarios. The changes in the NLO K-factor due to relatively light sparticles in the loop, again in the MSSM context, were studied in [28] , where the effect was found to be less than 3% for tan β = 1.5. Therefore, we conclude that at low tan β Eq. (2) holds to an accuracy of better than 10%, and allows us to obtain a sufficiently precise estimate for the NLO gluon fusion cross section in our scenario. Note that this uncertainty is below the one obtained by comparing the NLO and NNLO/NNLL results in the SM calculation [43] [44] [45] [46] [47] [48] . It is also important to note that the bulk of the effects of the light SUSY spectrum is taken into account in the LO cross section, and that these effects are fully implemented in HDECAY, which is used to compute the right-hand side of Eq. (2). This also includes radiative effects that correct the bottom Yukawa coupling, which can be important at large tan β [31] . We discuss next a number of general features regarding the BMSSM Higgs signals. In both the SM and the MSSM, the dominant decay channel for a Higgs boson whose mass is greater than 140 GeV is into W pairs. Therefore, an important observable at a hadron collider is the production cross section times the branching fraction in the WW channel.
In Fig. 4 we show this quantity for h and H, normalized to the SM result, as a function of the corresponding Higgs mass. In the left panel we clearly see the Tevatron exclusion in the h → W W channel: the V-shaped magenta and red regions around m h ∼ 160 GeV correspond to the stripes that were already discussed in Section III (see Figs. 1 and 2 ). We stress that the blue points with m h above 180 GeV have a slightly enhanced W W signal compared to the SM. In turn, this mass range will be explored at the LHC via the h → ZZ → 4l channel (recall that, for all practical purposes, the CP-even Higgs normalized couplings to W W and ZZ are the same, hence the plot can be directly applied to the ZZ channel). Thus, an enhanced signal in this region is an interesting feature: for these points, the Higgs cannot escape detection. For the blue points with W W signal reduced by a factor of 10 or more (m h < 160 GeV), one may have to rely on other search channels.
Note that this figure exhibits currently allowed (blue and red) points with m h below the LEP bound of 114.4 GeV. These correspond to models where the coupling to gauge bosons is below the SM value. We also notice a group of red points whose signal is around the SM value, and with a mass slightly above the LEP bound (114.4 GeV ≤ m h 120 GeV): these are within the Tevatron reach in the h → bb channel, assuming an accumulated luminosity of 10 fb −1 per experiment and a 50% efficiency improvement in this channel.
Turning our attention to the right panel of Fig. 4 , we see that in the case of H it is hard to differentiate regions where a single color is predominant, as was possible in the left panel. We can identify a mostly green region with m H above the LEP bound (and above the MSSM curve). These points are excluded by the LEP bound on m h rather than on m H , and serve as a reminder that the constraints may come from observables not related to those shown in a given plot. This is not to say that there are no points where the exclusion is through H directly instead of h: for instance, the magenta and red points in the upper left side of the plot correspond to the V-shape exclusion from H → W W at the Tevatron. This is the only region where the signal is enhanced with respect to both the SM and the MSSM. These correspond to models where H is SM-like, while h decays mainly into bb and ττ .
Aside from the W W channel, there are other important decay modes for light Higgs bosons, in particular bb, ττ and γγ. In the first case, the huge QCD backgrounds render this channel very difficult to measure at a hadron collider. This does not mean, however, that this decay mode is completely useless. For instance, in the Higgstrahlung process,→ Z * /W * → Z/W + Higgs, the gauge boson can be fully reconstructed from its decay modes, and then Higgs → bb becomes a feasible option. Another example to search for a SM-like Higgs boson decaying into bb is the Higgs associated production together with a top quark pair. This has the problem of being quite challenging at hadron colliders. The di-photon channel, on the other hand, constitutes the most promising decay channel for a relatively light SMlike Higgs at the LHC since, in spite of its tiny BR of O(10 −3 ), an excellent energy resolution can be achieved and the background is under good experimental control. The other important search channel at the LHC in the low Higgs mass range is the vector boson fusion with the subsequent decay of the Higgs into a ττ pair.
In Fig. 5 we show the branching fraction of h into bb (left plot) and γγ (right plot), for tan β = 2. Notice that the bb channel can be suppressed with respect to the SM one, as in the blue points with masses in the 120 − 150 GeV range and BR(h → bb) < 10 −1 . This is an interesting feature, since it can lead to enhancements in other search channels. One can also see currently allowed (blue and red) points with BRs into bb above the SM curve: those have a reduced BR into W's, as we have previously identified in Fig. 4 . In the case of H (not shown here), the BR into bb is typically higher than the SM value. With respect to the MSSM, we find that there is no definite tendency: BR(H → bb) can be either increased or suppressed by an order of magnitude. It is worth mentioning that the branching fraction in the ττ channel follows closely the bb behavior. This is as expected, since the extended Higgs sectors under consideration do not distinguish between the down-type fermions, in the sense that the Yukawa coupling normalized to the SM value is the same for bottoms and taus, while differences due to the SUSY QCD and top Yukawa interactions, that arise at loop level, are not significant at small tan β.
Turning our attention to the right panel of 
We show the points excluded by LEP (green), excluded by current Tevatron data (magenta) and the region that will be probed by the Tevatron in the near future (red). The blue points are allowed by all the current experimental constraints. The dashed line corresponds to the MSSM prediction for the given SUSY spectrum. we see that most models present a suppressed branching fraction in the di-photon channel. However, it is worth noticing the group of points above the SM curve, where an enhancement of up to a factor of 2 can be achieved.
Decays of the CP-even Higgs bosons into pairs of A bosons can become the dominant decay mode. Such a scenario has been previously considered in the literature (see, for instance, [49] for a model-independent analysis, and [50] for NMSSM studies). In Fig. 6 we show the branching fraction of h and H into AA, for tan β = 2. The left panel shows that the branching fraction in this channel can reach O(1) values, thus becoming the most relevant decay mode of h. The Tevatron allowed (blue) points in this figure present a reduced branching fraction in both the bb and the W W channel, and were already mentioned in the context of 
We show the points excluded by LEP (green), excluded by current Tevatron data (magenta) and the region that will be proved by the Tevatron in the near future (red). The blue points are allowed by all the current experimental constraints. The dashed line corresponds to the MSSM result for the given SUSY spectrum.
mode in some models.
The main modification to the decay phenomenology of A and H ± with respect to the MSSM is due to the shift in the overall Higgs spectrum. The channels that change the most are those that involve a Higgs decaying into either a pair of Higgs bosons, or a Higgs boson plus a gauge boson. As an example of the latter, we take the decay of H ± into a W boson and a neutral Higgs. In the MSSM, since h tends to be rather light, one has that H ± → hW ± can be an important decay channel. On the other hand, since m A and m H ± tend to be rather degenerate, one finds that H ± → AW ± is generally highly suppressed. On the contrary, in the context of the BMSSM, one can find points where the mass hierarchy suffers an inversion, i.e. m A can be well below m h and split from m H ± . In this case, one finds that A and h interchange their roles with respect to the above described situation in the MSSM, as can be seen in Fig. 7 . The left panel shows points where the AW ± channel has a BR greater than 0.1, while the right panel shows that the hW ± decay mode is highly suppressed. In this case, the process H ± → AW ± → bbW ± can give rise to an interesting signal at the LHC, possibly allowing the discovery of two nonstandard Higgs bosons. Note that we have already encountered another example of an inversion between A and h in the context of Fig. 6 : the potentially open MSSM channels A → hh and H → hh are replaced by h → AA and H → AA in the BMSSM context. Finally, turning our attention to A, we have found that the A → hZ decay channel is significantly reduced with respect to the MSSM value ∼ 0.3 for values of m A below 250 GeV, due to the shift in m h that disfavors this decay mode.
[? ] This reduction brings an enhancement in both the bb and ττ channels. As in the MSSM, the former is the dominant decay channel below the tt threshold, and the latter stays almost constant at about 10%.
B. Low tan β searches: benchmark points
Up to this point we have analyzed each observable almost independently of the others. We would like to understand, however, how the different features that we have singled out are correlated with each other. We shall consider benchmark scenarios currently allowed by LEP and Tevatron data and explore two possibilities: a) models that can be probed at 95 % C.L at the Tevatron in the near future, from now on referred to as Tevatron covered (red) points, and b) models that are beyond the expected Tevatron reach and will be explored at the LHC, from now on referred to as Tevatron uncovered (blue) points. We will also indicate the importance of the 1/M 2 effects, as measured by their impact on m h .
Scenarios within the Tevatron reach
The Tevatron covered models can be divided into three subsets, according to which channel can exclude the point: h → bb, h → W W and H → W W . It is interesting to ask whether a given model can be probed by more than one channel at the Tevatron. We find, however, that the previous subsets are disjoint. The disjointness between the subsets probed by h → bb and h → W W can be understood in terms of the relevant mass ranges, since the bb search is most sensitive to the m h 120 GeV range, while the di-boson channel probes the region 165 ± 20 GeV. In principle, they do not have to be mutually exclusive, but one would need an enhancement of 3.4 over the SM in the h → W W signal in order to probe a 120 GeV Higgs in this channel,[? ] which is not achievable within these models: the increase in the gg → h → W W cross section is always below a factor of 2. In the case of h and H decaying into W bosons, even if both of them are in the favorable mass region (∼ 150 − 170 GeV), the MSSM sum rule g 2 hW W + g 2 HW W = 1 is valid within 5 % accuracy, and it is not possible for h and H to have large enough couplings to W's for both signals to simultaneously be within the Tevatron reach. The subsets probed by the h → bb and H → W W searches are disjoint because both processes require a sizable coupling of the Higgs to W 's (for production and decay, respectively), but this does not happen when m h and m H are sufficiently different, as would be required for simultaneous searches in these two channels.
Point A: MSSM-like scenarios
We start our analysis with the points that can be probed via the h → bb decay mode. We find that these do not differ greatly from the decoupling limit of the MSSM with rather heavy sparticles (∼ a few TeV). In this case, the observation of a light SUSY spectrum (in the few hundred GeV range) would be the smoking gun of BMSSM physics, since such a light SUSY spectrum would be in conflict with the LEP limits on the MSSM lightest CP-even Higgs boson. We illustrate the main features of this subset by showing point A [? ] in Table I , where we include the mass spectrum and the branching fractions of the most important decay channels for each Higgs boson. For reference, in the case of h we also indicate between parentheses the SM values. We also note that for this point, the 1/M 2 operators contribute about 25 GeV to m h .
Generically, the branching fractions of h do not deviate much from the SM ones. One finds a small increase in the h → bb channel, while BR(h → γγ) is slightly suppressed with respect to the SM (by at most a factor of 3). Since g 2 hW W and g 2 hgg are close to one, the production cross sections by Higgs-strahlung and gluon fusion are, for all practical purposes, the same as in the SM. Thus, the change in the signal is given by the ratio of the branching fractions in our scenario to those in the SM. For point A, the production rate in h → bb is 6% above the SM result. In this case, the Tevatron could claim a hint on a SM Higgs boson, while at the LHC the direct detection of h would proceed in the di-photon channel, since the gg → h → γγ cross section is 0.65 of the SM value. Some of the remaining Higgs bosons may also be observed. For H and A, the H → hh → γγbb and A → Zh → llbb searches provide the best prospects for discovery [52] . For a charged Higgs with a mass above m t , the ATLAS update of 2009 [53] found that the tb channel is rather challenging and that the low tan β region cannot be covered.
Point B: Light Higgs spectra
We turn now our attention to the models that can be excluded at the Tevatron by the h → W W channel. Those can be further split into two categories, according to whether m h is high ( 170 GeV) or low ( 160 GeV), corresponding to the two red stripes defined in the context of Fig. 1 . As a general feature of the lower red stripe, the branching fraction of h into bb can be sizably reduced with respect to the SM, as we pointed out in the left panel of Fig. 5 . This implies that the remaining channels are enhanced, which is interesting for the h → W W and h → γγ decay modes. We present as an example point B [? ] in Table II . Here, one sees that the Higgs spectrum is relatively light. H is the heaviest Higgs, while h is lighter than H ± , but heavier than A. It turns out that for this point, the 1/M 2 effects result in a slight net reduction of m h by a couple of GeV.
Since h is SM-like, we give in parentheses the corresponding branching fractions in the SM. Here we clearly observe that h presents an increase in the gluon fusion cross section, and in the branching fractions into photons and W bosons, accompanied by a sizable reduction in the down-type fermion decay modes. Note that the gg → h → γγ and gg → h → W W signals are larger than in the SM by factors of 2.86 and 3.82 respectively, which would facilitate the search of h at the LHC as well. H decays mainly into bottoms and taus, and its production cross section by gluon fusion is strongly reduced with respect to the SM case. The most promising discovery channel at the LHC would be qqH → qqττ , where the signal is reduced with respect to the SM by a factor of two. The CP-odd A decays as in the MSSM, while for the charged Higgs the τ ν τ channel is the dominant one.
Point C: The heavy CP-even H as the SM-like Higgs
In the high m h region that can be probed at the Tevatron in the h → W W channel one finds an unusual SUSY spectrum. Typically, one runs into the previously mentioned inversions between h and A. Moreover, h can also be heavier than the charged Higgs, which is a feature that is not present in the region where m h is below 150 GeV. We illustrate this with point C [? ] in Table III . For this point, the 1/M 2 operators contribute about 30 GeV to m h .
Here we see that the two CP-even Higgs bosons have masses well above the maximum value for m h that can be obtained in the m h max scenario within the MSSM context. In this case, it makes sense to compare both h and H with the SM Higgs. For this particular point, h has not been yet excluded by the Tevatron search since it is not SM-like and its branching fraction into W W is somewhat suppressed. H can be discovered by the LHC in the ZZ → 4l mode, since the signal normalized to the SM value, is 0.65. We note that here both m h and m H are near the region where the W W channel opens up leading to a suppression in the sensitivity of the ZZ search mode at the LHC. We recall that such a heavy SM-like H is not a feature of the MSSM, being a unique characteristic of the BMSSM Higgs sector. The CP-odd A decays almost entirely to bottom and tau pairs, while the charged Higgs has sizable decays into both the τ ν τ and tb channels.
The last subset of the Tevatron covered points corresponds to those than can be probed by the H → W W search, for which the gg → H → W W signal goes between 0.4 − 4 times the SM value. In such scenarios, h and A decay mostly into bottoms and taus. In some cases the h → γγ or qqH → qqτ τ signal might be observable at the LHC. The charged Higgs is relatively light (always below 200 GeV) and will decay almost 100% of the time into τ ν τ for masses below 160 GeV, and in tb for the remaining points. The H ± → hW ± decay mode is closed for kinematical reasons, as we already know from Fig. 7 . In addition, when m A is light, the h → AA and H ± → AW ± channels might become important. Since this also happens with the Tevatron uncovered points, we will defer further comments and the study of a suitable benchmark point for the next subsection.
LHC searches
Regarding the Tevatron uncovered points, we can also split them into two disjoint subsets, corresponding to each of the blue stripes in Figs. 1 or 2: we will refer to them as low mass (m h 140 GeV) and high mass (above 190 GeV) regions. In the high m h case, one can make a further distinction according to whether m A is below or above 160 GeV. Again, we illustrate the possibilities with a few benchmark points.
Point D: Two peaks in the ZZ → 4l signal
General features of the high m h , high m A case are: increased gg → h cross section with respect to the SM, and negligible (below 2%) changes in the h → W W/ZZ decay modes. Regarding H, one has that the signal in the gg → H → W W/ZZ channel is always suppressed with respect to the SM. As an example, we show point D [? ] in Table IV . Here, the 1/M 2 operators contribute about 40 GeV to m h . Given the features of this point, it again makes sense to compare both CP-even Higgs bosons with the SM.
The rise in the mass of h automatically closes the H → hh, A → hZ and H ± → hW ± decay modes, which could be important in the MSSM case. This picture can suffer some alterations if h stays around 200 GeV, while the rest of the Higgs bosons attain values around 400 GeV, since this will open not only the previously mentioned channels, but possibly also decays into sparticles. In such a case, one would run into a sort of MSSM decoupling limit, but with a mass for the lightest Higgs which is unattainable within the MSSM. Concentrating on point D, we emphasize that both h and H couple in a sizable way to the electroweak gauge bosons, and thus the measurement of both couplings will permit a detailed study of the EWSB mechanism, as it arises from a 2HDM. One possibility to discover these CP-even Higgs bosons would be to search for two isolated peaks in the ZZ → 4l golden mode. Notice that the branching fractions of both h and H are very close to their SM counterparts, while there is a difference in the gluon fusion production cross section. Since the gg → H → ZZ signal can be sizably suppressed with respect to the SM, the direct detection of H in this channel might not be feasible. Nevertheless, a large number of models similar to point D would in fact present two clear peaks in the di-lepton invariant mass distribution. We also note that these points have a gg → h → W W/ZZ signal that can be 20-70 % larger than the SM value.
Point E: Non-SM-like Higgs with a clear di-boson signal
One interesting example of a point where m h is still high, but m A is below 160 GeV is given in point E [? ] , shown in Table V . We see that this point has an unusual Higgs hierarchy, since here h is heavier than both A and H ± (in this respect similar to point C). The signal for h → W W , normalized to the SM, is 0.54. The CP-even H will be discovered first and will appear to be the SM Higgs, since the signal is very close to the SM one. Soon after, h will be found in both the ZZ and W W channels, thus providing a clear evidence of new physics. Notice that here the coupling of h to gauge bosons is extremely small, but due to kinematics it still decays preferentially into gauge bosons. We stress again that this is a unique characteristic of the BMSSM Higgs sector in the low tan β regime, since in the MSSM a similar behavior can only occur for H. For this point, the 1/M 2 operators contribute about 30 GeV to m h .
Point F: Multi-Higgs decay chains
For the points outside the Tevatron reach with m h below 140 GeV, the most remarkable feature is the possibility of having the channels h → AA and H → AA kinematically open. For the points where these channels are closed, the situation is not as interesting, so we will focus on the first scenario. As an example, we show point F [? ] in Table VI , where these channels are the dominant decay modes of both h and H. For this point, the 1/M 2 operators contribute about 10 GeV to m h . Focusing on the AA channel, the possible final states for h and H are bbbb, bbττ and ττ ττ [49] [50] [51] . The first one is very challenging due to the enormous QCD background, while the third one suffers from a reduced signal [BR(A → ττ ) ∼ 10%]. This leaves the bbττ channel as the most promising one. For the case of H, one may also look at the gg → H → W W channel, whose signal is 1/5 of the SM value, and could be discovered with about 100 fb −1 [52] . For the charged Higgs, the dominant decay mode is τ ν τ . Notice also that H ± → AW ± can have a sizable branching fraction, offering the possibility to discover both A and H ± simultaneously in this decay mode.
C. Large tan β searches: general features
In this subsection we present our analysis for the large tan β regime, fixing tan β = 20. As shown in Section III, the changes in the spectrum with respect to the MSSM are less important than in the low tan β case.
We use Eq. (2) to estimate the gluon fusion production cross section at NLO in α s . Although the impact of the bottom loop in the K-factor is more important for larger tan β, the NLO K-factor in our model is still expected to be within 20% of the NLO SM K-factor, as discussed at the beginning of Section IV A. Furthermore, as shown in [28] , the effects on the K factor due to a light sparticle spectrum like the one we are considering are negligible at large tan β. Hence, we conclude that simply computing the right-hand side of Eq. (2) allows us to obtain the NLO gluon fusion production cross section within 20% accuracy even at large tan β. In this regime, production in association with a bb pair can become important, and can be obtained in our model from existing results by a simple rescaling with the effective coupling g We show in Fig. 8 the effective coupling of h to downtype fermions, g 2 hbb , for both large (left panel) and small (right panel) tan β. At large tan β, one sees that the currently allowed models (blue and red points) have a gluon fusion production cross section which ranges from 0.7 − 5 times the SM value. The most striking feature is that the coupling to bottom pairs can be strongly suppressed. For large tan β this happens for a value of σ(gg → h)/SM of around 1.4. These models have 110 GeV m h 150 GeV, where the decays into bb of the SM Higgs are important. The suppression in g 2 hbb can also be observed at low tan β (right panel). In this case, the associated values of m h are in the somewhat higher range from 120 GeV to 250 GeV, with the strongest suppressions occurring for m h > 150 GeV.
The suppression in the coupling to down-type fermions is somewhat reminiscent of the small α eff scenario [54, 55] , but there are important differences. In the small α eff scenario the g hbb coupling is suppressed as a result of a cancellation between the tree-level and one-loop contributions. This can happen at large tan β, where the radiative effect is enhanced at the same time that the treelevel contribution is somewhat suppressed, thus allowing for a cancellation. Besides large tan β, sizable values of µA t /M 2 SU SY are necessary, and the cancellation is found to happen only for certain values of m A (below or of order 200 GeV) that are highly correlated with tan β [54] . In contrast, the suppression we find occurs as a result of a cancellation between the tree-level MSSM contribution and those due to the higher-dimension operators (we have checked that the picture remains unchanged by turning off all loop effects). Most importantly, the fact that the suppression occurs at tree-level implies that the couplings to bottom and tau pairs are simultaneously (and strongly) suppressed. This does not tend to happen in the small α eff scenario, since the radiative enhancements for bottoms and taus happen in different regions of parameter space. Also, in spite of the large number of parameters, there is a clear correlation between the g 2 hbb suppression and the σ(gg → h) enhancement. The increase in the gluon fusion cross section is due to the destructive interference of the bottom loop in the gluon fusion cross section, and also to light SUSY particles running in the loop.
The suppression of the down-type fermion channels implies a general enhancement in the branching fractions of the remaining channels. The most interesting enhancements are those in the gauge boson channels: W W , ZZ and γγ. In the left panel of Fig. 9 we show the branching fraction into WW at large tan β, again as a function of the gluon fusion production cross section normalized to the SM value, which can be compared to the left panel of Fig. 8 . We see that the region where the hbb coupling is suppressed is exactly where the WW branching fraction is greatly enhanced, and leads to an interesting Tevatron sensitivity in the W channel over a wide range of m h . The left panel of Fig. 9 clearly exhibits how the Tevatron covered (red) points arise. The upper red region corresponds to those models within Tevatron reach in the h → W W search, while the two lower red regions contain only points that can be probed in the h → bb channel. These latter models always have a branching fraction into WW below about 20%.
In the right panel of Fig. 9 we show the gg → h → γγ cross section, normalized to the SM. We see that the di- photon signal can be increased with respect to the SM one by up to a factor of 10. This strong enhancement is a direct result of the decreased branching fraction into bb, together with the enhancement in the gluon production cross section discussed above. The points with enhanced signal in the diphoton channel correspond to values of m h between 110 GeV and 130 GeV. It is interesting to compare to the latest available diphoton analysis from CDF
[56] and D0 [57] . The CDF analysis, performed with 5.4 fb −1 of data, quotes an observed limit of 18.7-25.9 for the di-photon cross section normalized to the SM. The D0 analysis, with 4.2 fb −1 , gives a corresponding limit of 11.9-28.3 .
[? ] As a result, the enhancement in the di-photon signal we find can be interesting at the Tevatron, and of course it would be spectacular at the LHC. One should also notice that for models with enhanced BR(h → bb), the signal into photons can be reduced by up to a factor of 10.
The gg → h → W W signal (not shown here) presents the same behavior as the γγ one. This can be easily understood as follows. In the SM, the h → γγ decay mode proceeds via W and top loops, the former giving the dominant effect. In our currently allowed (blue and red) points, the coupling of h to tops and W's is very close to the SM value (the differences are below 2%). Although g hbb can be enhanced by a factor of 10, the bottom loop is still a small contribution to the h → γγ process. Therefore, the partial widths Γ(h → W W ) and Γ(h → γγ) in our model are very close to the SM ones, and the changes in the branching ratios of each channel are common and strictly due to the variation of BR(h → bb) with respect to the SM. Therefore, enhancements in the W W/ZZ channels can also be interestingly large.
With respect to the remaining Higgs bosons, the situation resembles the large tan β regime of the MSSM. Both H and A decay mainly into bottoms and taus, while the charged Higgs goes to either τ ν τ or tb depending on its mass. It is also possible for a heavy Higgs to decay into the lightest one: BR(H → hh) can reach 30%, while both BR(A → hZ) and BR(H ± → hW ± ) can reach 10%, provided the decaying Higgs boson mass is above 200 GeV. For this mass range, the decay mode into sparticles can also be important, if kinematically allowed.
D. Large tan β searches: benchmark points
Having described the main differences of the large tangent beta regime with respect to the MSSM, we show a selected sample of benchmark points.
Scenarios within Tevatron reach
We start with the points covered in the near future by the Tevatron via the h → bb search. From Fig. 9 one sees that for these points (lowest red region in the left panel), the signal into γγ (and W W ) can be enhanced by at most a factor of 2. Since such enhancement factors can also be obtained within the MSSM (for instance with sparticle masses around 500 GeV), we will not show a benchmark point here, but will briefly comment on the main characteristics of these type of models. The Tevatron could claim a hint in the bb channel, while at the LHC the signals into γγ and ττ are enhanced by up to a factor of 2 with respect to the SM, thus allowing for a discovery using these decays modes. Regarding the remaining Higgs bosons, one sees that both H and A decay mainly into bottoms and taus. The gluon fusion production cross section for H and A is around 80% of the SM-value, while the bbh production becomes an important mechanism due to the large tan β enhancement (the CP-even H has highly suppressed couplings to W's and Z's). Thus a discovery in the H/A ττ search may be feasible [52] . We note also that A and H can be very close in mass, so that the two states cannot be disentangled at the LHC, but rather the signals have to be added up. Because of a sizable branching fraction into the τ ν τ channel, the charged Higgs can be within LHC reach, even for m H ± > m t [53] . The way to distinguish such a situation from the MSSM will be through the observation of relatively light superparticles. As we mentioned before, an interesting possibility is to have sizable branching fractions for the decay modes H → hh, A → hZ and H ± → hW ± . This requires heavy Higgs bosons with a mass above 250 GeV. Depending on the details of the SUSY spectrum, also decays into sparticles may be open. We have found that the branching fractions in these multi-Higgs channels are below 10% in most cases, and that one would still have both A and H decaying sizably into down-type fermions, with H + decaying preferably into tb but with a non-negligible branching fraction into τ ν τ due to the large tan β enhancement. Provided that m H > 300 GeV, the H → hh branching fraction can reach values of up to 20 − 30%, which is interesting since it allows for the potential observation of several Higgs states.
Point G: SM-like Higgs heavier than the MSSM upper bound
We turn now to the models covered at the Tevatron via the h → W W search (upper red region in Figs. 9). We show in Table VII [? ] an example where m h is above the maximum attainable value in the m h max scenario of the MSSM, with sparticles at the TeV scale. The 1/M 2 operators contribute about 45 GeV to m h . We notice that in this point the enhancement in the gluon fusion production cross section [1.64 × σ SM (gg → h)] is compensated by the reduction in the W W branching fraction with respect to the SM (0.41/0.66), thus resulting in a gg → h → W W signal close to the SM one. As can be seen in the right panel of Fig. 9 (interpreted for the W W channel) this is a general feature of the Tevatron covered points in the higher range of m h . The nonstandard neutral Higgs bosons, H and A, can be detected in the ττ (or µμ) channels, as is well known for the large 
E. LHC searches
Referring to Fig. 9 we split the Tevatron uncovered (blue) points according to whether their signal into photons (and W's) is enhanced or suppressed. For the latter case, one has that h decays mainly into bottom and tau pairs. In these scenarios, h can be within the reach of the LHC in the ττ channel, and if the suppression of the ZZ coupling is not extreme, maybe also in the ZZ → 4l channel. Higgs decay chains, such as H → hh → bbττ , can also give rise to interesting (if challenging) signatures. We do not show a benchmark point here since the branching fractions of the relevant Higgs decay chain modes will depend on the details of the sparticle spectrum.
Point H: SM-like Higgs with enhanced di-photon signal
We illustrate the features of models with a strong enhancement of the di-photon signal with point H [? ] (shown in Table VIII ). We see that h is rather light (the 1/M 2 operators contribute about 10 GeV to m h ), but escaped detection at LEP due to the strong suppression of the bb channel. The gg → h → γγ signal is larger than the SM one by a factor of 8, thus allowing for a very nice and clean detection of h at the LHC. As was discussed in the context of Fig. 9 , the same enhacement also occurs for the W W and ZZ channels. Therefore, and in spite of such a light Higgs mass, the gg → h → ZZ → 4l channel would be at the reach of the LHC.
For the remaining neutral Higgs bosons (H and A), one will have to consider the ττ search. The charged Higgs may be detected at the LHC in the τ ν τ channel. Note that the benchmark point H has nonstandard Higgs bosons that are too light to allow decays into hh. However, given that h is rather light in the region with suppressed bb couplings, it is possible that such exotic channels might be open, while still having an interesting di-photon signal. As mentioned before, in such cases it is possible that other channels involving SUSY particles are also open.
V. CONCLUSIONS
We studied the Higgs collider phenomenology of BMSSM scenarios, i.e. supersymmetric extensions of the MSSM within an EFT framework where the effects of the BMSSM degrees of freedom enter through higherdimension operators. As emphasized in [8] the first two orders in the 1/M expansion can be phenomenologically significant, and should be included. In the present work, we have performed a model-independent study to highlight the variety of collider signals that become available in such scenarios.
The coupling of the lightest CP-even Higgs to bottom pairs can be suppressed due to cancellations between the MSSM contribution and those from the higher-dimension operators. It does not seem to require a special tuning of parameters and occurs in both the low and large tan β regimes. As a result, the signals in clean channels, such as the di-photon or W W ones, can be greatly enhanced. This suppression in the hbb induces an enhancement in the gluon fusion production cross section, beyond the one arising from light sparticles in the loop.
To emphasize the interplay between the Tevatron and the LHC, we have analyzed projections for the Tevatron assuming a total integrated luminosity of 10 fb −1 per experiment and a 50% efficiency improvement in the W W and bb search channels with respect to present results. We find that the current Tevatron data already probes a large class of SUSY models, especially in the W W channel. The future projections indicate that the bb channel can become effective for a SM-like Higgs search. Moreover, a combination of the bb and W W search channels, together with the ττ decay mode in the large tan β region, would further enlarge the set of BMSSM models that can be probed at the Tevatron. However, our main interest in this work was to survey the types of signals that might be expected in SUSY scenarios, many of which are not realized in the MSSM limit. Improving the analysis by combining channels and/or moderately increasing the luminosity will not significantly change our conclusions. Lightest CP-even Higgs bosons with masses above 180 GeV, that can not be probed by the Tevatron, will be at the reach of the LHC.
Most of the changes in the expected Higgs signals, compared to the MSSM, can be understood in large part from the altered Higgs spectrum. We have surveyed a wide range of possibilities by scanning over the parameter space of the higher-dimension operators. Motivated by naturalness arguments, we have chosen the SUSYbreaking scale close to the EW scale, with the BMSSM physics at the TeV scale. In this case, the contributions from the SUSY particles to the Higgs spectrum are subleading compared to the ones coming from the BMSSM physics. In the case of a heavier SUSY spectrum, and for a scale M such that the effective field theory approach remains valid, the qualitative features of the Higgs phenomenology triggered by the BMSSM physics will be similar. However, a detailed study should be performed for each specific choice of the heavy scale M , the scale of SUSY-breaking m S , and the µ-term to address the quantitative features of the Higgs sector.
We have defined a number of "benchmark points" in order to discuss the correlations between different Higgs signals. Interestingly, we find that there can be significant mixing in the CP-even Higgs sector, allowing nonnegligible couplings of both CP-even Higgs eigenstates to the EW gauge bosons. In addition, they can both be in the right mass range to decay predominantly into W 's or Z's, thus enabling a detailed and direct study of the physics of EWSB. For these benchmark points, the 1/M 2 effects add a few tens of GeV to m h , and have a rather relevant impact on the collider phenomenology (but we remind the reader that the 1/M 2 operators can easily give a much larger contribution to m h ; see Fig. 1 of Ref. [8] ). Furthermore, we have found viable examples where the nonstandard CP-odd Higgs can be produced in charged Higgs decays. Moreover, unusual decay chains such as h → AA or H → AA are also possible, without A being ultralight. These channels are most interesting in the low tan β region where the tan β-enhanced production of the nonstandard Higgs bosons is not available. These Higgs decay chains open the possibility of fully reconstructing the Higgs content of a 2HDM in such supersymmetric scenarios. We also find scenarios where observing the Higgs sector is more challenging, and would require dedicated studies that go beyond the scope of this work.
In conclusion, we find that Higgs signals in supersymmetric scenarios can be markedly different from those in the MSSM paradigm. If all third generation squarks turn out to be light (m S ≤ 300 GeV), given the LEP Higgs mass bounds, this will imply a clear case for BMSSM physics. The heavier degrees of freedom could be at the kinematic reach of the LHC, but depending on their nature the direct discovery might be elusive. In either case, supersymmetric Higgs searches can provide evidence of physics beyond the MSSM.
